The most common tumor cell types in this mouse model gosity at polymorphic markers (LOH) typically results are fibrosarcomas and osteosarcomas, virtually all of from somatic chromosomal deletion or non-disjunction which demonstrate homozygous inactivation of TP53 events that render a cancer cell homozygous for a muand NF2 genes, residing on mouse chromosome 11. tant allele. However, the relatively large size of hemizyLoss of TP53, the most common genetic event in human gous allelic losses in cancer cells complicates efficient cancer, leads to genomic instability and may increase gene discovery strategies; homozygous genomic delethe likelihood of subsequent genetic alterations includtions are rare, but their smaller size facilitates identificaing specific chromosomal deletions (Jain et al., 2001 (Lisitsyn and Wigler, 1995) . Differentially with highest levels in skeletal muscle, prostate, and amplified genomic sequences were obtained in 3/6 tuovary ( Figure 1B ). mors, all of which were confirmed as being homozygously deleted by Southern blotting in the tumor cell line of origin. Fibrosarcoma 3452 was found to have a DOCK4, a CDM Family Member The overall structure of DOCK4 is highly similar to other deletion of the p16
INK4a

/p19
ARF locus, a common site of chromosomal deletions in both mouse and human can-CDM family members, with an N-terminal SH3 domain, a region of extended homology from amino acids 100 cers. Fibrosarcoma 3872 contained multiple large deletions of the Y chromosome, an observation that is also to 1700 (35% amino acid identity with DOCK180, 39% with DOCK2, and 54% with DOCK3), and a C-terminal frequently observed in cancers derived from males (Lisitsyn and Wigler, 1995). Osteosarcoma 3081 produced proline-rich region, which appears to be unique to each family member (Figure 2 ). The CDM protein family has two homozygously deleted genomic fragments, mapped using radiation hybrid screening near marker D12Mit148 recently been divided into two classes based on sequence alignment programs (Meller et al., 2002 ; Reif and on mouse chromosome 12, a genomic locus that is syntenic to human chromosome 7q31 ( Figure 1A) Figure 1A ). On the centromeric side, the Neuronalspecific leucine-rich repeat gene, NLRR3, is also present B proteins has not been defined. Interestingly, only a single CDM family member, ced-5, exists in C. elegans. in tumor 3081. These two genes are separated by 900 kb in the human genomic sequence and hence define ced-5 was initially identified by its role in both the en- with tagged constructs encoding either Rac, Rho, CDC42, or Rap. Cellular lysates were quantified for GTP bound forms by binding to affinity matrices, followed by properties are encoded by a single gene, ced-5. InactiWestern blotting using antibody against the transfected vation of ced-5 is associated with two primary defects:
GTPases. Dramatic activation of Rap GTPase (Ͼ 5-fold) failure of neighboring cells to engulf apoptotic cells leadis evident in cells transfected with wild-type DOCK4, ing to the persistence of cell corpses and abnormal but not the Pro1718Leu mutant ( Figures 4C and 4D ). For migration of the gonadal distal tip cells (DTCs) (Wu and comparison, 293T cells were also transfected with either Horvitz, 1998). In a dramatic illustration of the conservawild-type Rap or the constitutively active form, Rap63E tion of this signaling pathway, expression of a heat ( Figure 4D ). Transient expression of DOCK4 had no efshock-driven DOCK180 construct has been shown to fect on other GTPases, including Rho, Rac, and CDC42 rescue the DTC migration defect in ced-5 mutants (Wu ( Figure 4C ). Remarkably however, the Pro1718Leu muand Horvitz, 1998). However, the mechanism underlying tant of DOCK4 shows significant activation of both Rac engulfment of apoptotic corpses has not been defined. and CDC42. This tumor-associated mutation, therefore exhibits both loss-of-function as well as gain-of-function We therefore tested whether heat shock-driven expresproperties with respect to the activation different small sion of DOCK4 could rescue this component of the GTPases. Given the failure of Pro1718Leu-DOCK4 to Ced-5 phenotype. Remarkably, expression of wild-type bind CrkII (Figure 4B ), its ability to activate Rac and DOCK4 in C. elegans corrects the engulfment defect in CDC42-GTPases may result from its association with ced-5 mutants, while expression of Pro1718Leu-DOCK4
another adaptor protein, from altered interactions inhas no effect (Figure 3 ). This rescue was most readily volving its DHR/CZH domains, or from indirect effects demonstrated in the germline, while apoptotic corpses on small GTPase pathways. in somatic lineages were less affected by ectopic DOCK4 expression (Figure 3 and data not shown) . Expression of DOCK4 has no effect on DTC migration. logically, these tumors appeared well-circumscribed cell migration. In contrast, DOCK4 modulates signaling and pseudo-encapsulated, and they failed to show any through the Rap GTPase, enhancing the formation of invasion of surrounding tissues (Figures 6C and 6D) . cellular adherens junctions. We show that reconstitution Osteosarcoma cell line 3081 cells expressing Pro1718-of DOCK4 expression in mouse osteosarcoma cells with Leu-DOCK4 produced large invasive tumors, comparaa deletion of the endogenous gene restores the formable to the parental DOCK4 null cell lines. These data tion of adherens junctions, an effect that is suppressed suggest that mutations of DOCK4 in human cancer cells by coexpression of a dominant-negative Rap construct. may be associated with loss of cell junctions and a more Expression of constitutively active Rap1 in these cells invasive phenotype.
Restoration of Adherens Junctions
is sufficient to restore adherens junctions, supporting the link between Rap signaling and formation of intercellular contacts, which has previously been documented CAGGTACATA GAAAAGTGAC. All PCRs were performed at an anFor RDA, genomic DNA from six tumor cell lines derived from NF2/ nealing temperature of 58ЊC with the exception of fragments C, F, TP53 double heterozygous mice (driver) was compared with and J for which annealing temperatures of 63ЊC, 63ЊC, and 60ЊC were matched normal DNA (tester). Mice used were inbred in the 129/ used, respectively. Uncloned RT-PCR products were sequenced in Sv background to reduce polymorphic differences that complicate both directions using the BigDyeTerminator kit (Applied Biosystems) RDA. Genomic DNA was digested with BglII, ligated to adapters, and analyzed on the ABI3100 genetic analyzer. Heterozygous posiand subjected to three rounds of subtractive hybridization and PCR tions were marked using Factura and displayed using Sequence amplification as described (Lisitsyn and Wigler, 1995) . RDA products Navigator software. Sequence variants detected at the cDNA level comprising differentially amplified PCR products were cloned and were subsequently confirmed at the genomic DNA level. The allele hybridized to Southern blots containing the initial driver and tester frequency of each sequence variant was determined by genotyping amplicons, as well as primary genomic DNA from tumor cell lines the control population. and matched normal mouse tissue. RDA products confirmed to reside within homozygous deletions in mouse tumor cell lines were sequenced and mapped using mouse-hamster radiation hybrid panExpression Analysis and Transfection Studies Northern blots of multiple human tissues (Clontech blots H1 and els (Research Genetics) as well as database analysis (NCBI). Positional cloning of DOCK4 was achieved using RDA clones 11 and 13 H2) were carried out using Express Hybridization buffer (Clontech). Full-length DOCK4 expression constructs were generated encoding from tumor cell line 3081. The RDA products initially mapped to two unordered genomic bacterial artificial chromosomes (BACs) on the wild-type and Pro1718Leu mutation in plasmid pCDNA3.1, both with and without an N-terminal flag epitope. All constructs were mouse chromosome 12, BAC AC079369, and BAC AC079370. The syntenic human genomic sequence on chromosome 7 (BAC confirmed by sequencing analysis. All cells were grown in DMEM with 10% fetal calf serum, and transient transfection was carried AC003079 and AC003080) is completed and ordered and was therefore used in gene prediction programs. EST matches, RT-PCR, and out using the lipid-based reagent, Fugene (Roche). Stable cell lines were prepared by cotransfecting DOCK4 expression constructs with 5Ј-RACE (placental library) were used to confirm predicted coding and untranslated sequences. The transcriptional start and the first the selection plasmid pBABE puro, followed by selection using 3 ug/ml puromycin. RapN17 and Rap63E expression plasmids were exon of DOCK4 resides within BAC AC004111.1; a large intron 1 spans the entire BAC AC004001.1; with the second exon and recotransfected with plasmid pcDNA4/TO-E (Invitrogen), followed by selection using 100 ug/ml zeocin. Expression of stably transfected maining coding sequence spanning BAC AC003080, BAC AC003079, and BAC AC005047. The following primers were used constructs was confirmed by Western or Northern blot analysis, and multiple cell lines were tested to ensure against the effects of clonal to amplify genomic fragments specific for ZnF277 (AGGTTCCTTGG TGGCAACGATGTGG and AGTTCTGTCGCAGTATGGCTGTGGC) selection. Primary mouse osteoblasts were isolated as described (Thomas et al., 1996) . RNAi studies were done as described in Eland NLRR3 (ACCCTGCTCTCTACC ATTTCTCCCGGAGAA and TGCCGTGGTAGAGGGCACTGAGGGCGTTGG). Mouse sequence bashir et al. (2001). SiRNA for DOCK4 was designed to target nucleotides GUGCGACGGCUGGUACAGA, corresponding to N19 after the for this segment of chromosome 12 is also available in the Ensembl
